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Abstract. This work shows the result of an electrical re-
sistivity tomography (ERT) survey carried out for imaging
and characterizing the shallow subsurface affected by the co-
seismic effects of the Mw=6.1 Emilia-Romagna (northern
Italy) earthquake that occurred on 20 May 2012. The most
characteristic coseismic effects were ground failure, lateral
spreading and liquefaction that occurred extensively along
the paleo-Reno River in the urban areas of San Carlo and
Mirabello (southwestern portion of Ferrara Province). In to-
tal, six electrical resistivity tomographies were performed
and calibrated with surface geological surveys, exploratory
boreholes and aerial photo interpretations. This was one
of ﬁrst applications of the electrical resistivity tomography
method in investigating coseismic liquefaction.
1 Introduction
On 20 May 2012 a reverse-fault earthquake (Mw=6.1; QR-
CMT,2012)hittheEmilia-RomagnaRegion(northernItaly).
The hypocenter of the event was 6.3km depth and the epi-
center was localized at 44.889◦ N and 11.228◦ E, near the
town of Finale Emilia (Fig. 1a). The coseismic effects as-
sociated with this event were observed in the nearby villages
located within 20–30 km from the epicenter. The most im-
portant coseismic effect was related to the occurrence of liq-
uefaction and the subsequent formation of ground failures.
The most impressive cases were those observed along the
paleo-Reno River in the localities of San Carlo (Fig. 1b) and
Mirabello (Fig. 1c). Here, liquefaction and hundred meter-
long fractures affected agricultural ﬁelds, buildings, walls,
pipelines and roads, causing severe damage (see the photo
in Fig. 1b) (Galli et al., 2012). In the urban areas of San
Carlo and Mirabello, we investigated, by means of an electri-
cal resistivity tomography (ERT) survey, the subsurface sur-
rounding some of the major superﬁcial manifestations of liq-
uefaction. In all cases, we used surface geological surveys,
exploratory boreholes and aerial photo interpretations to cali-
bratetheelectricalresistivitymodelsandtocorrelateresistiv-
ity values directly with the lithostratigraphic characteristics
of the subsoil. The main aim of the ERT investigation was to
provide rapid and valuable geological information (e.g., the
shape, thickness and depth of the different geological units,
depth of the water table, etc.) on the uppermost part of the
subsoil affected by the coseismic liquefaction.
2 Geological and geomorphological framework
The epicentral area of the 20 May 2012 Emilia-Romagna
earthquake is located south of the Po River, in correspon-
dence of the active front of the northern Apennines trust belt
thatiscomposedofburiedfoldsandtrustfaultsvergingtothe
north (Fig. 1a). This area is a morphologically uniform sector
of the Po Plain, with modest reliefs in correspondence with
the natural levees of the water courses, the banks of the aban-
doned river channels and the anthropogenic backﬁlls. Most
of the liquefaction effects occurred between San Carlo and
Mirabello along the paleo-Reno River (15th–18th century).
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Fig. 1. (a) Simpliﬁed tectonic map showing the epicenter of the 20 May 2012 Emilia-Romagna earthquake (modiﬁed from CNR-PFG, 1991).
Sketch map of the surface deposits derived from digital elevation models, ﬁeld observations and boreholes. (b) San Carlo. Black triangle is
the location of photo. (c) Mirabello.
Here, evidence of the past hydrography is still marked in the
local topography. In particular, the bed (about 12ma.s.l.),
the lateral banks (about 16.5ma.s.l.) and the ﬂoodplain
(about 13ma.s.l.) of the paleo-Reno River are still well pre-
served. Recent very detailed investigations at San Carlo and
Mirabello (Calabrese et al., 2012) allowed us to reconstruct
the shallow sub-surface stratigraphy within the ﬁrst 15–20m
(the usual depth range for liquefaction occurrence, Youd et
al., 2001). Essentially, three main units were identiﬁed.
The upper unit, referred to as the Fluvial Channel Unit
(FCU), consists prevalently of channel, anthropogenic back-
ﬁll, riverbank and ﬂood deposits. The FCU is distinguished
into three sub-units: (1) paleo-riverbank (raised area at the
side of the paleo-riverbed) made up of ﬁne sand alternating
with sandy silt in the most proximal portion, passing laterally
(distal riverbanks) to sandy silts and clay; (2) paleo-riverbed
(topographic low between the paleo-riverbanks) composed
of gravel and sand with a lenticular shape; and (3) anthro-
pogenic backﬁll and reworked deposits. From the ground
level, the FCU is extended to an average depth of 15m vari-
able between 8 and 20m, depending on the considered point.
At the bottom, the FCU consists of lenses of medium to ﬁne
gray sands (MFGS), which reach their maximum thickness
(about 6m) in the borehole S10 (grey horizon in borehole
logs, Fig. 2). These lenses of medium to ﬁne gray sands are
proved to have been responsible for the coseismic surface ef-
fects (Calabrese et al., 2012).
The intermediate unit, referred to as Marshes Unit (MU),
consistsmainlyofclayandsiltwithabundantorganicportion
and levels of peat at different stratigraphic depths. This unit
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Fig. 2. Five borehole logs used to calibrate the ERT (see Fig. 1 for each borehole location).
testiﬁestothepresenceofextensiveandpersistentmarshyar-
eas (“valleys”), into which rivers ﬂow, which have developed
from the maximum Holocene transgression. These environ-
ments, not disturbed by ﬂuvial and anthropogenic activities,
remained until modern times. The estimated average thick-
ness of MU is between 5–10m and 10–15m, depending on
the area.
The lower stratigraphical unit is the Pleistocene Alluvial
Plain Unit (PAPU) that consists of an alternation of sandy
silts and silty sands to the roof of an extended and continuous
horizon of medium and ﬁne sands. The depth of PAPU is
about 25m below the paleo-riverbanks and 15–20m in the
plain.
3 Electrical resistivity tomography
Electrical resistivity tomography (ERT) is an active geo-
physical method applied to obtain high-resolution images
of the subsurface resistivity pattern. In the last few years,
the ERT has been increasingly applied to study active faults
(Galli et al., 2006, 2014; Improta et al., 2010; Giocoli et al.,
2011), volcanic areas (Finizzola et al., 2010; Siniscalchi et
al., 2010), landslides (Perrone et al., 2004), geological and
structural setting of sedimentary basins (Giocoli et al., 2008),
localseismicresponse(Boncioetal.,2011;Mucciarellietal.,
2011; Moscatelli et al., 2012), etc. Only in very few cases
was the ERT method applied in laboratory experiments in
order to study liquefaction phenomenon during and after the
shaking (Jinguuji et al., 2007).
In this paper we present one of ﬁrst application of the
ERT method in investigating coseismic liquefaction. Several
ERT were carried out in order to image and characterize
the shallow subsurface of the areas affected by the coseis-
mic effects of the Emilia-Romagna earthquake occurred on
20 May 2012. In particular, we carried out four ERT in San
Carlo (Fig. 1b) and two ERT in Mirabello (Fig. 1c) along the
paleo-Reno River, where the ground failure and liquefaction
occurred extensively.
All the ERT were performed by means of a Syscal R2 (Iris
Instruments) resistivity meter, coupled with a multielectrode
acquisition system (48 electrodes). A constant spacing “a”
(5m) between adjacent electrodes was used. Due to the lim-
ited number of electrodes of the system, in some cases we
used the roll-along method to extend horizontally the ERT
proﬁle. The length of each ERT ranged from 235–355m
(roll-along proﬁles). Along each proﬁle, we applied differ-
entarrayconﬁgurations(Wenner,Wenner–Schlumbergerand
Dipole–Dipole) and different combinations of dipole length
(1a, 2a and 3a) and “n” number of depth levels (n ≤ 6), ob-
taining investigation depths of about 35–40m. The Wenner,
Wenner–Schlumberger and Dipole–Dipole apparent resistiv-
ity data were inverted using the RES2DINV software (Loke
2001) to obtain the 2-D resistivity models of the subsurface.
For each ERT we present the 2-D resistivity model obtained
from array conﬁguration that allowed to acquire data with
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Fig. 3. ERT1 and ERT2 carried out in the northeastern sector of San Carlo (see Fig. 1b for the location of ERT).
the higher signal-to-noise (s/n) ratio, a larger investigation
depth and a better sensitivity pattern to both horizontal and
vertical changes in the subsurface resistivity. The Wenner–
Schlumberger array provided the best result. In all cases the
root mean square (RMS) error is less than 7.0% and the re-
sistivity values range from 5 to more than 127m.
Generally, since the electrical resistivity of a rock is con-
trolled by different factors (water content, porosity, clay con-
tent, etc.), there are wide ranges in resistivity for any par-
ticular rock type and, accordingly, resistivity values can-
not be directly interpreted in terms of lithology. In addi-
tion, the interpretation of resistivity data can be ambigu-
ous due to well-known principles of equivalence and sup-
pression (Kunetz, 1966). For these reasons, we used data
gathered through geological surveys and exploratory bore-
holes to calibrate the ERT and to directly correlate resistivity
values with the lithostratigraphic characteristics. Thus, the
higher resistivity values (>15m) are associated with the
Fluvial Channel Unit (FCU), the medium resistivity values
(13–40m) to the Pleistocene Alluvial Plain Unit (PAPU)
and the lower resistivity values (<20m) are related to the
Marshes Unit (MU). In particular, the FCU is characterized
by paleo-riverbank deposits (20–80m), paleo-riverbed de-
posits (from 50 to more than 128m), anthropogenic back-
ﬁlls and reworked material (20–50m) and, at the bottom,
by lenses of medium to ﬁne gray sands (MFGS) (15–25m).
3.1 San Carlo
ERT1 and ERT2 were carried out in the northeast sector of
San Carlo (Fig. 1b). The ﬁrst one was performed across the
paleo-bed of the Reno River, whereas the second one was
carried out along the paleo-bank of the Reno River. The two
proﬁlescrosseachotherat90◦.Attheintersection,bothelec-
trical resistivity models (ERT1 and ERT2) show the same re-
sistivity distribution (Fig. 3). This is evidence of the good
quality of data, as ERT1 and ERT2 were acquired and pro-
cessed independently.
ERT3 and ERT4 were carried out across the paleo-bed of
the Reno River, in the western part of San Carlo and near
the cemetery, respectively (Fig. 1b). In particular, the south-
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Fig. 4. ERT3 and ERT4 carried out in the western part of San Carlo and near the cemetery, respectively (see Fig. 1b for the location of ERT).
ern part of the ERT3 proﬁle crossed the “Red Zone” between
125and295m,whereextensiveliquefactionandfracturesaf-
fected buildings, pipeline and roads, causing severe damage
(Fig. 4).
Generally, all electrical resistivity models put into evi-
dence three plane-parallel layers with different thickness and
resistivity values. In agreement with borehole data (Fig. 2)
and geological observation (Fig. 1b), the surﬁcial layer
(thickness <20m) of higher resistivity values (>15m)
can be attributed to the FCU, the intermediate layer (average
thickness about 15m) of lower resistivity values (<20m)
can be associated prevalently with the MU and the lower
layer of medium resistivity values (13–40m) can be re-
lated to the PAPU. Based on the comparison between the
exploratory borehole data and the ERT, we noted an over-
lap of the resistivity ranges. The resistivity values included
between 15 and 20m are common to the MFGS (bottom of
the FCU) and MU, whereas the resistivity values between 13
and 20m can be associated with both MU and PAPU. For
this reason, we delineated sectors T1 (diagonal line pattern)
and T2 (dotted pattern) to represent the uncertainty of the
FCU-MU and MU-PAPU boundary locations, respectively
(Figs. 3–5). In particular, since sector T1 is related only to
the MGFS and MU, we can speculate that T1 also highlights
the sector where it is possible to ﬁnd the MGFS.
3.2 Mirabello
ERT5 runs NW–SE across the paleo-bed of the Reno River
(Fig. 1c). It crossed between 90 and 235m a soccer ﬁeld and
a car park. ERT6 can be considered the southeastward con-
tinuation of ERT5 (see Fig. 1c). The ERT5 and ERT6 pro-
ﬁles were not combined in a single long proﬁle, by applying
a roll-along acquisition method, due to logistical conditions
(presence of a main road). In this case, there are no bore-
hole data to constrain the interpretation of electrical models.
However, it was possible to interpret both resistivity models
on the basis of the data coming from superﬁcial geological
observation.
Considering both resistivity models (Fig. 5), from 65 to
300m between about 5 and 17ma.s.l., it is possible to ob-
serve a high-resistivity sector (>15m) that could be asso-
ciated with the FCU. Between about 5 and 0ma.s.l., both re-
sistivity models show a low-resistivity layer (<20m) that
could be associated with the MU. At the bottom (below about
0ma.s.l.), a medium-resistivity sector (13–40m) could be
related to the PAPU. Also in this case, we indicated the un-
certainty of the FCU-MU and MU-PAPU boundaries using
sectors T1 and T2, respectively.
4 Conclusions
A few days after the main shock of the 20 May 2012 Emilia-
Romagna (northern Italy) earthquake (Mw=6.1), we per-
formed an ERT survey to investigate the subsurface sur-
rounding some of the major superﬁcial manifestations of
coseismic liquefaction in the urban areas of San Carlo and
Mirabello.TheERTwereusedasareconnaissancemethodto
detect the litostratigraphic characteristics in areas with lim-
ited or nonexistent subsoil data.
In particular, this paper documents one of the
ﬁrst applications of the ERT method in investigating
coseismic liquefaction.
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Fig. 5. ERT5 and ERT6 carried out in Mirabello (see Fig. 1c for the location of ERT).
In all cases, we used surface geological surveys, ex-
ploratory boreholes and aerial photo interpretations to cali-
brate the electrical resistivity models and to directly corre-
late resistivity values with the lithostratigraphic characteris-
tics. We have also taken into account the results obtained by
Abu Zeid et al. (2012), who also investigated coseismic liq-
uefaction only in San Carlo a few weeks after the main seis-
mic event of 20 May 2012. By comparing and matching all
these data, we succeed in imaging the lithostratigraphic set-
ting across the superﬁcial manifestations of coseismic lique-
faction. Summarizing, our investigations put into evidence:
– a surﬁcial layer with higher resistivity values
(>15m) related to FCU (thickness<20m);
– an intermediate layer with lower resistivity values
(<20m) related to MU (average thickness 10–
15m);
– a lower layer with low–medium resistivity values (13–
40m) related to PAPU.
Furthermore, we highlight sector T1 where it is possible to
ﬁnd the MFGS responsible for the coseismic surface effects.
In conclusion, taking into account all the above inferences,
the ERT has proved to be an effective technique for obtain-
ing rapid and valuable geological information on the upper-
most part of the subsoil affected by the coseismic liquefac-
tion (e.g., the lithostratigraphic setting, the sectors in which
it is possible to ﬁnd the MFGS and the possible associated
liquefaction phenomena, etc.). Thus, especially in areas with
limited or nonexistent subsoil data, we think that the ERT
can provide valuable data for designing further investigations
(e.g.,complementarygeophysicalsurveys,drillholes,etc.)in
order to better understanding the liquefaction phenomenon
and assessing the associated hazard.
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